High spin band structures in doubly-odd 194 T1 
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The high-spin states in odd-odd 194 Tl nucleus have been studied by populating them using the 
185 ' 187 Re( 13 C, xn) reactions at 75 MeV of beam energy. A 7 — 7 coincidence measurement has been 
performed using the INGA array with a digital data acquisition system to record the time stamped 
data. Definite spin-parity assignment of the levels was made from the DCO ratio and the IPDCO 
ratio measurements. The level scheme of 194 T1 has been extended up to 4.1 MeV in excitation 
energy including 19 new 7-ray transitions. The 7rftg/ 2 ® ^13/2 band, in the neighboring odd-odd 
Tl isotopes show very similar properties in both experimental observables and calculated shapes. 
Two new band structures, with 6-quasiparticle configuration, have been observed for the first time 
in 194 T1. One of these bands has the characteristics of a magnetic rotational band. Cranked shell 
model calculations, using a deformed Woods-Saxon potential, have been performed to obtain the 
total Routhian surfaces in order to study the shapes of the bands and the band crossing in 194 T1. 
The semiclassical formalism has been used to describe the magnetic rotational band. 

PACS numbers: 21.10.Re; 23.20.Lv; 23.20.En; 21.60.Cs; 27.80.+W 
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I. INTRODUCTION 



The Thallium nuclei, with proton number Z = 81, 
are situated in a transition region between the de- 
formed prolate rare earth nuclei and the spherical 
lead nuclei at Z = 82. The proton Fermi level in Tl 
lies below the Z = 82 shell closure and near the 2s!/ 2 
orbtal. The ground state spin-parity of the heavier 
odd- A Thalium isotopes, are accordingly, 1/2+ [IHl]- 
However, the intruder 9/2" [505] and 1/2" [541] Nils- 
son states, originating from the 7rhg/ 2 orbital above 
Z = 82, are also available near the Fermi surface for 
oblate and prolate deformations, respectively. The 
experimental evidence comes from the observation of 
a low lying 9/2~ isomeric state and strongly coupled 
rotational bands built on this in the odd-A Thalium 
isotopes . The neutron Fermi surface, for the Tl 
and Hg isotopes in the A ~ 190 region lie near the 
top of the D13/2 orbital and decoupled bands with 
this configuration have been identified in odd-A Hg 
(Z = 80) isotopes in this region d,[l(|. Therefore, 
in even-mass Tl isotopes in this region, collective 
rotational bands based on the nhg/2 <8> ^13/2 con- 



* Corresponding 
gopal@vecc.gov. in 



author; 



Electronic 



address: 



figuration are expected. Such bands have been ex- 
perimentally observed in a few odd-odd Tl isotopes 
|llT - [l7| . But in most of the cases, there are ambigu- 
ities on level energies, spins and parities. Recently, 
experimental studies on the structures of 190 Tl [11] 
and 198 T1 [13 have been reported with definite spin- 
parity assignment of the 7r/i g / 2 <S> ^13/2 band. In 
190 T1, this band, which shows a low spin signature 
inversion, was reported to have an oblate structure. 
Whereas in 198 Tl, the possible chiral structure asso- 
ciated with this band was interpreted with a triax- 
ial deformation. Therefore, in order to understand 
the possible transition from oblate to triaxial shape 
induced by the change in the neutron Fermi sur- 
face of Tl nuclei, it is important to chracterize the 
Trhg/2 <8 ^13/2 band systematically in an isotopic 
chain. But the high spin data on the other odd-odd 
Tl nuclei are scarce. Moreover, both the protons 
and the neutrons occupy high-j orbitals so, different 
kinds of collective and single particle excitations, like 
magnetic rotation, are expected. Although several 
magnetic rotational bands have been observed in Pb 
and Hg nuclei in this region [lj| [l9| , no such bands 
are reported for Tl isotopes. 

The knowledge of high spin states in 194 T1 was 
very limited prior to the present work although sev- 
eral superdeformed bands have been reported for 
this nucleus by F. Azaiez et ah, but these bands 
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were not connected with the normal deformed bands 
pol l2~i| . The normal deformed high spin states in 
194 T1 were studied by Kreiner et al. [13| and a level 
scheme was obtained using two Ge(Li) detectors. Al- 
though indication of rotatonal bands based on the 
Tthg/2 (8> i / ?i3/2 configuration was reported in that 
work, no definite spin-parity assignments could be 
done. Possible observation of chiral partner bands in 
194 T1 has been claimed recently [22j but no such level 
scheme has been reported till date. In this work, we 
have studied the 7-ray spectroscopy of 194 T1 with the 
aim, in particular, to compare the band structures 
in odd-odd Tl isotopes and to search for a possible 
magnetic rotational band. 



II. EXPERIMENTAL METHOD AND DATA 
ANALYSIS 

The 7-ray spectroscopy of 194 T1 has been studied 
at 14-UD BARC-TIFR Pcllctron at Mumbai, India 
using the Indian National Gamma Array (INGA). 
The INGA consisted of 15 clover HPGe detectors 
with BGO anti-Compton shields at the time of the 
experiment. The excited states of 194 T1 were popu- 
lated by fusion evaporation reactions 185 ' 187 Re( 13 C, 
xn) 194 Tl at the beam energy of 75 MeV. The target 
was a thick (18.5 mg/cm 2 ) natural rhenium target. 
The recoils were stopped inside the target. The iso- 
topic ratio of 185 Re and 187 Re in the natural rhe- 
nium is 37:63. According to the PACE-IV calcula- 
tions, the 4n and 5n channels are the dominant ones 
at the beam energies encompassed inside the target 
in this experiment. The beam energy at the exit of 
the target was calculated to be below the coulomb 
barrier. The clover detectors were arranged in six 
angles with 2 clovers each at ±40° and ±65° while 
four clovers were at 90° and three were at -23° an- 
gles. The average count rate in each crystal was 
limited to ~ 4k/sec. The clover detectors were cal- 
ibrated for 7 ray energies and efficiencies by using 
133 Ba and 152 Eu radioactive sources. 

Recently, a digital data acquisition (DDAQ) sys- 
tem, based on Pixie-16 modules developed by XIA 
LLC [Hj], has been adopted for the INGA. This sys- 
tem has provision for the digitization of 96 chan- 
nels of 24 clover detectors (maximum number of 
clover detectors that can be put in INGA) with 100 
MHz sampling rate. This DDAQ system was used 
in the present experiment for the data collection. 
Time stamped data were collected when at least two 
clovers (Compton suppressed) were fired in coinci- 
dence. A time window of 150 ns was set for this 
coincidence between the fast triggers of individual 
channels and the coincidence trigger was kept open 
for 1.5 /is. The BGO signals from the anti-Compton 
shields of the respective clovers were used for vetoing 



the individual channels. The detailed description of 
the DDAQ has been given in the Refs. (24l.[25|. 
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FIG. 1: (Color online) Coincidence spectra by gating on 
293-keV (top) and 137-keV (bottom) 7 transitions. The 
unmarked peaks are the contaminants. 



The data sorting routine "Multi pARameter time- 
stamped based Coincidence Search program (MAR- 
COS)" developed at TIFR, sorts the time stamped 
data to generate a E^-E^ matrix and a Ej-Ej-Ej 
cube in a Radware compatible format for further 
analysis. To construct these, a coincidence time win- 
dow of 400 ns was selected. The RADWARE soft- 
ware [26j was used for the analysis of the matrix 
and the cube. The E^-E^ matrix contained about 
2.4 x 10 9 coincidence events. To construct the level 
scheme of 194 T1, the coincidence and the intensity 
relations of the 7 rays were used. Gates were put 
on the known 7-ray transitions for determining the 
coincidence relations. Single and double gated 7-ray 
spectra from the E 1 -E 1 matrix and E^-E-y-Ej cube 
are shown in Figs. 1 and 2, respectively. The rel- 
evance of these spectra in the level scheme will be 
discussed in the next section. The intensity of the 7 
rays were obtained from the E 1 -E 1 matrix using a 
single gated spectrum. 

The multipolarities of the 7-ray transitions have 
been determined from the angular correlation anal- 
ysis using the method of directional correlation from 
the oriented states (DCO) ratio, following the pre- 
scriptions of Kramer-Flecken et al. [27j . For the DCO 
ratio analysis, the coincidence events were sorted 
into an asymmetry matrix with data from the 90° 
detectors (9i) on one axis and -23° detectors (#2 ) on 
the other axis. The DCO ratios (for the 7 ray 71, 
gated by a 7 ray 72 of known multipolarity) are ob- 
tained from the intensities of the 7 rays (I 7 ) at two 
angles 0\ and #2, as 

^ _ J 71 at 9i, gated by 72 at 6 2 
7 7l at 62 gated by 72 at 9\ 
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FIG. 2: Coincidence spectra corresponding to a double gate of (a) 293-& 245-keV, (b) 760- & 322-keV, (c) 687- & 
726-keV and (d) a sum of double gated spectra corresponding to the transitions in 194 T1. 



By putting gates on the transitions with known mul- 
tipolarity along the two axes of the above matrix, 
the DCO ratios are obtained for each 7 ray. For 
stretched transitions, the value of Rdco would be 
close to unity for the same multipolarity of 71 and 
72. For different multipolarities and mixed transi- 
tion, the value of Rdco depends on the detector 
angles (0\ and 82) and the mixing ratio (<$). The va- 
lidity of the Rdco measurements was checked with 
the known transitions in 194 T1 and with the calcu- 
lated values. In the present geometry, the calculated 
value of Rdco [13 for a pure dipole transition gated 
by a stretched quadrupole transition is 1.65 while for 
a quadrupole transition gated by a pure dipole, the 
calculated value is 0.61. These compare well with 
the experimental values of 1.69(3) and 0.58(2), re- 
spectively, for the known pure dipole (293-keV, El) 
and stretched quadrupole (687-keV, E2) transitions. 

The use of clover HPGe detectors allowed us to 
assign definite parities to the excited states from the 
measurement of the integrated polarization asymme- 
try (IPDCO) ratio, as described in [29, 30], from the 
parallel and perpendicular scattering of a 7-ray pho- 
ton inside the detector medium. The IPDCO ratio 
measurement gives a qualitative idea about the type 
of the transitions (E/M). The IPDCO asymmetry 
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FIG. 3: (Color online) The asymmetry correction fac- 
tor a(E-y) at different 7 energies from 152 Eu and 133 Ba 
sources. The solid line corresponds to a linear fit of the 
data. 



parameters have been deduced using the relation, 
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IPDCO 



a(E- / )N± - N {] 
a(E 7 )N± + JVy ' 



(2) 
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where N\\ and N± are the counts for the actual 
Compton scattered 7 rays in the planes parallel and 
perpendicular to the reaction plane. The correction 
due to the asymmetry in the array and response 
of the clover segments, defined by a(E^) — j^-, 

was checked using 152 Eu and 133 Ba sources and was 
found to be 1.004(1); which is close to unity, as ex- 
pected. The data of a(E 1 ) and the fitting are shown 
in Fig. 3. By using the fitted parameter a(i? 7 ), the 
Aipdco of the 7 rays in 194 T1 have been determined. 
A positive value of Ajpdqq indicates an electric type 
transition where as a negative value favors a mag- 
netic type transition. The Aipdco could not be 
measured for the low energy and weaker transitions. 
The low energy cut off for the polarization measure- 
ment was about 200 keV, in this work. The valid- 
ity of the method of the IPDCO measurements was 
confirmed from the known transitions in 194 T1. The 
parallel (iV||) and perpendicular (a(E~ f )*N±) count 
for two 7 rays in 194 T1 are shown in Fig. 4. It shows 
that the magnetic (404-keV) and the electric (687- 
keV) transitions can easily be identified. 
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FIG. 4: (Color online) The perpendicular (dashed) and 
parallel (solid) components of the two 7 rays in 194 T1, 
obtained from the IPDCO analysis in the present work. 
The perpendicular component has been shifted in energy 
for clarity. 404-keV is a known magnetic type transition 
where as 687-keV is a known electric type transition. 



A. Experimental Results 



194 T1, as obtained in the 
in Fig. 5. A total of 19 



The level scheme of 
present work, is shown 
new 7 rays have been found and placed in the level 
scheme. They are marked as "*" in the level scheme 
of Fig. 5. The deduced excitation energy, spin and 
parity of the excited levels and the multipolarity of 
the 7 rays, together with the other relevent infor- 
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FIG. 5: Level scheme of 194 T1 obtained from the present 
work. The excitation energies are given with respect to 
the 7 + isomeric state. The new 7 rays are indicated by 
asterisks. 



mation concerning their placement in the proposed 
level scheme of 194 T1, are summarized in Table I. 

The 2" ground state (not shown in Fig. 5) and 
the 7 + isomeric state, (Tx/2 =32.8 min) were known 
in 194 T1 from the beta decay studies [3l|. No 7- 
ray transition was known to decay from the isomeric 
state. The excitation energy of this state was also 
not known. Both the ground and the isomeric states 
decay by electron capture decay. The excitation en- 
ergies of the states, in the level scheme presented in 
Fig. 5, have been given with respect to the 7 + iso- 
meric state as was presented in Refs. [TJ [TtJ for 
190 ' 198 T1. In the present work, the level scheme of 
194 T1 has been extended up to an excitation energy 
of ~ 4.1 MeV and (21~)H spin and is a much im- 
proved one compared to the previouly known level 
scheme reported in Ref. The proposed level 

scheme is based on the following arguments. 

A 293-keV 7 ray from the 8~ to the 7 + isomeric 
state in 194 T1 was known, from the systematics of 
the Tl isotopes, to be a hindered El transition. The 
DCO ratio and the positive value of the IPDCO ra- 
tio, obtained in the present work, confirm this as- 
signment. A 137-keV 7 ray has been observed in 
the present work which is in coincidence with the 
known 293-keV transition from the 8 _ to the 7 + 
state as can be seen from Fig. 1 (top panel). A 
spectrum gated by this 137-keV 7 line, shown in 
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TABLE I: The energy of the 7 rays (E-,) observed in the present work along with the energy of the de-exciting levels 
(Ei), The spin and parity of the initial and final states (J[—¥ JJ), intensity of the 7 rays (I 7 ), the experimental values 
of the DCO (Rdco) and the IPDCO (Aipdco) ratios and the deduced multipolarity of the 7 rays. 
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"Relative 7-ray intensities normalized to 100 for the 293.1- 
keV 7 ray. 
''Prom 686.7-keV (E2) DCO gate. 
c From 648.3-keV (E2) DCO gate. 
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the bottom panel of Fig. 1, shows all the 7 rays in 
194 T1 present in the 293-keV gated spectrum, except 
for the lines at 96 keV and 374 keV. This 7 ray is 
also observed in the double gated spectra shown in 



Fig. 2. This clearly indicates that there is a 137 
keV 7-ray transition above the 293-keV transition 
and in parallel to the 96-keV transition. It estab- 
lished the 334-keV level as the previously unknown 
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energy upon which the rest of the band is built. The 
DCO ratio for the 137-keV 7 ray has been measured 
in this work gated by the 687-keV 7 ray which was 
known to be a quadrupole (E2) transition [l3| . The 
value of this ratio comes out to be close to unity (see 
Table-I) indicating the stretched quadrupole nature 
of the 137-keV transition. Although, the energy of 
this 7 ray is too low for the IPDCO measurement 
but the M2 assignment for this low-energy transi- 
tion may be completely ruled out from the lifetime 
consideration. Therefore, considering the 137-keV 7 
ray as an E2 transition, spin and parity of the 430- 
keV level has been assigned, in this work, as 10~. 
The 374-keV 7 ray was reported as a tentative one 
in Ref. 13]. The double gated spectrum of 293- and 
245-keV shown in Fig. 2(a) has a peak at 374 keV 
which confirms its placement. The E2 nature of this 
transition is also evident from the measured R_dco 
value (close to unity) gated by a known E2 transi- 
tion. The placement of the above 7 rays indicates 
that there should be a 41-keV transition from the 9~ 
to the 8~ state. This low energy highly converted 
(a ~ 200) transition has not been observed in this 
work as our experimental set up was not suited to 
detect such transitions. 

It can be seen from Fig. 2(a) that all the 7 rays 
reported in Ref. [l3[ have been observed in the 
present work up to the 1640-keV state. However, the 
748.6-, 741.9-, 458.6-, 289.4- keV 7 rays, reported 
in Ref. [l3| and placed above the 1640-keV state, 
were not observed. Instead, we have observed a cas- 
cade of 468-, 292-, 478- and 249-keV Ml + £2 7 
rays above the 1640-keV state along with the cross- 
over E2 transitions. These 7 rays have been placed 
above the 687-keV 7 ray in band Bl as they satisfy 
the corresponding coincidence relations. It may be 
pointed out that a more efficient experimental set up 
was used in the present work than the earlier work. 
With the observation of these transitions, the nega- 
tive parity ground band Bl has been extended up to 
an excitation energy of 3.13 MeV and a spin of 18ft. 

We have also observed two other band like struc- 
tures B2 and B3, for the first time in 194 T1. They 
are placed above the 16~ and the 14~ states of the 
band Bl, respectively. The 7 lines belonging to these 
bands have been seen in the single and double gated 
spectra shown in Fig. 1 and Fig. 2(a). The spec- 
trum in Fig. 2(b) (double gate on 760- and 322-keV) 
shows the 7 rays belonging to the band B2. The 
spectrum also shows the 761-keV 7 ray, indicating 
its double placement. The 687-keV line is observed 
in this spectrum but not the 726-keV line. The 216- 
and the 381-keV 7 rays, belonging to this band, are 
also observed in this spectrum. The double gated 
spectrum of 687- and 726-keV [Fig. 2(c)] shows the 
760-keV line, slightly lower in energy than the one 
in Fig. 2(b). Therefore, the higher energy transi- 



tion (i.e 761-keV) of the 760-keV doublet has been 
assigned as the linking transition between the bands 
B2 and Bl. Therefore, the lower energy transition 
(i.e 760-keV) of the doublet corresponds to the mem- 
ber of the band Bl. The 216-, 322- and 381-keV 7 
rays are not observed in the spectrum of Fig. 2(c) 
and hence, they form the members of the band B2. 

To get an unambiguous value for the DCO ratios 
for the 760-and 761-keV transitions, the gating tran- 
sitions were selected carefully The DCO ratio values 
of the doublet cannot be distinguised for any choice 
of a pure E2 gating transition below the 14~ level. 
However, in the 468-keV gate, the 760-keV transi- 
tion (in the band Bl) would be absent and an unam- 
biguous value of DCO ratio can be obtained for the 
761-keV linking transition. The 468-keV transition 
has been found to be an Ml transition with very 
little or no E2 admixture from the negative value 
of its IPDCO ratio. So, the 468-keV dipole tran- 
sition was chosen to obtain the DCO ratio of the 
761-keV linking transition and similarly, the 726- 
keV quadrupole transition has been chosen as the 
gating transition to obtain the DCO ratio value of 
the 760-keV in-band transition. The DCO ratios of 
the 760- and 761-keV transitions, obtained in this 
way, suggest that both of them are quadrupole tran- 
sitions. The IPDCO ratio, measured for the in-band 
760-keV transition, clearly suggests that it is an E2 
transition. The IPDCO ratio could not be obtained 
for the 761-keV transition and an E2 character for 
this linking transition has been assumed to assign 
the parity of the band B2, tentatively, as negative. 
The M2 character for the 761-keV transition could 
not, however, be ruled out and, hence the parity of 
the band B2 could be positive as well. A lifetime 
measurement of the IS'- - ) state is necessary to over- 
come this ambiguity. The Weisskopf estimate of the 
halflives corresponding to E2 and M2 character of 
this transition would be ~ 50 pico-sec and ~ 5 nsec, 
respectively. In the present work, we could not dis- 
tinguish these two halflives. 

The 876-keV 7 ray has been observed in the dou- 
ble gated spectrum in Fig. 2(a) but not in the double 
gated spectrum in Fig. 2(b) or 2(c). This 7 ray was 
observed with any combination of double gates be- 
low the 1640-keV level but was not observed with 
any 7 ray above this level. This indicates that the 
876-keV 7 ray must decay to the 14" state of the 
band Bl. The cascade of 7 rays in the band B3 
has been observed in Fig. 2(a). A sum of double 
gated spectra, constructed from the combination of 
the 687-, 876-, 163-, 207 & 377-keV 7 rays, is shown 
in Fig. 2(d). This spectrum clearly shows the 163-, 
207- , 328-, 377- & 429-keV 7 rays belonging to this 
band. The E2 nature of the 876-keV 7 ray is evi- 
dent from its DCO and IPDCO ratios. Therefore, 
the bandhead of the band B3 has been assigned as 
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16 _ . The ordering of the 7s in this band are based 
on their total intensities. However, since the cross 
over E2 transitions in this band were not observed, 
the ordering of the levels may be considered as some- 
what tentative. The spins and parities of the states 
in this band are assigned from the measured DCO 
and the IPDCO ratios of the 7-ray transitions, wher- 
ever possible. The Rdco values of these transitions 
are very close to the expected values for pure dipole 
transitions. The negative values obtained for the 
IPDCO ratios for the 328- and the 377-keV transi- 
tions, together with their Rdco values, give clear 
evidence that they are predominantly Ml in nature. 
Since the other 7 rays are in-band with the 328- and 
the 377-keV Ml transitions, so, we have assigned Ml 
nature for all the 7 rays in this band. 



III. DISCUSSION 



the energies of these states increase smoothly with 
mass number A, as expected. 




190 194 
Mass No. (A) 



FIG. 6: (Color online) Excitation energies of the 9~, 10~ 
and 11~ states in odd-odd isotopes of Tl as a function of 
mass No. A. Only the data for those isotopes are plotted 
for which the definite excitation energies are known with 
respect to the 7 + isomeric state. 



The high spin band structure in 1 Tl, obtained 
in the present work, can be discussed in the light of 
the neighboring isotopes. Ground state band struc- 
tures in the odd-odd Tl isotopes in A ~ 190 region 
are similar to band Bl in 194 T1. 190 T1 and 198 T1 
are the other two isotopes for which definite excita- 
tion energies, spins and parities are known for this 
band. However, it is interesting that the structure 
of this band in these two nuclei has been interpreted 
differently. In 190 T1, this band was interpreted with 
oblate deformation [ll[ while in 198 T1, a possible chi- 
ral structure has been reported with triaxial defor- 
mation [It}. We have compared different properties 
of the ground state band in the odd-odd Tl isotopes 
and have shown that they look very similar. 

The configurations of the first few excited states 
in 194 T1 are attributed by the following arguments. 
The ground state of the odd- A Tl isotopes are l/2 + 
corresponding to the 3si/2 orbital near the proton 
Fermi level. In the isotone 193 Hg, the experimen- 
tally observed 5/2~ and 13/2 + states lie very close 
(within 40- and 141-keV, respectively) to the 3/2~ 
ground state [3^]. These states correspond to the 
/5/2J H3/2 an d P3/2 orbitals, respectively, near the 
neutron Fermi level. Correspondingly, the config- 
urations of the ground state (2~) and the 7 + iso- 
meric state in the odd-odd 194 T1 nucleus have been 
attributed to ttsi/2 <8> ^3/2 and 7rsi/2 ® ^13/2 con- 
figurations, respectively. The 8~ state, at the exci- 
tation energy of 293-keV, in this nucleus, has been 
interpreted as the band head of the 7r/ig/ 2 <8 ^13/2 
configuration [l3[ ■ These orbitals lie near the proton 
and the neutron Fermi levels of 194 T1 for an oblate 
deformation. The excitation energies of the 9~, 10~ 
and 11~ states in this band for 190 > 194 > 198 T1 nuclei 
are shown in Fig. 6, with respect to the excitation 
energy of the 7 + isomeric state. It can be seen that 



The alignment (i x ) for the band Bl in 194 T1 is 
shown in Fig. 7 as a function of the rotational fre- 
quency Hui. The alignments for the neighboring odd- 
A nuclei 193 T1 and 193 Hg are also shown in Fig. 7 
which have been deduced from the corresponding 
level schemes reported by Reviol et al. [33| and 
Hubel et al. [10(, respectively. It can be seen that 
the band in 194 T1 has an initial alignment of about 
5ft. This value is in good agreement with the value 
obtained from the initial alignments of the neighbor- 
ing odd- A nuclei using the additivity rule [34|, l35jj . 
There is a gain in alignment of about 5h at rotational 
frequency of fiw ~ 0.34 MeV which is similar to 190 T1 
and 198 T1. The similarity between these odd-odd Tl 
isotopes are also reflected in their kinetic moments 
of inertia (J*- 1 - 1 ) values as shown in Fig. 8. This 
indicates similar deformation in these nuclei. The 
particle alignments in these isotopes are also taking 
place at about the same frequency. In the present 
work, the band Bl in 194 T1 could be extended just 
beyond the band crossing at huj c ~ 0.34 MeV. 

The band crossing phenomena in the odd-odd Tl 
isotopes can be understood from the band crossings 
in the even-even core of Hg isotopes and the band 
crossings in the odd-A Tl isotopes. In 192 Hg [10j, the 
first two observed band crossings, at hu! c i ~ 0.210 
MeV and at hui C 2 ~ 0.362 MeV, were interpreted as 
due to the alignments of the 113/2 neutrons (G — > AB 
and AB — > ABCD crossing, following the nomencla- 
ture of Hubel et al. [HI). The alignment of the 
protons takes place at even higher frequencies. The 
band crossings in the odd-Z 193 T1 nucleus, in which 
the first proton crossing is blocked, were also inter- 
preted as due to the alignments of the same H3/2 
neutrons. The crossing frequency of hio c ~ 0.34 MeV 
in 194 T1 agrees well with the Sw C 2 value in 192 Hg. 
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FIG. 7: (Color online) Experimental alignments as 
a function of the rotational frequency (ftu) for the 7r/i 9 / 2 
band in 193 T1 [§3, W13/2 band in 193 Hg [l(| and band 
Bl in 194 T1. The Harris reference parameters are chosen 
to be Jo = 8.0ft 2 MeV' 1 and J a = 40ft 4 MeV -3 . 




FIG. 9: (Color online) The staggering, S(I) = [E(I) - 
E(I-1)]/2I, plots as a function of spin (I) for the negative 
parity yrast bands in 194 T1 along with those in 190 > 198 T1. 



Therefore, the observed band crossing in doubly-odd 
194 T1 may be attributed to the alignment of a pair 
of neutrons in the 113/2 orbital. The similarity and 
the systematic trend of the observed AB — > ABCD 
crossing frequencies for 190 Hg (ftw c2 ~ 0.352 MeV), 
192 Hg (ftw c2 ~ 0.362 MeV) and 194 Hg (hw c2 ~ 0.348 
MeV) [10| are also in good agreement with the cross- 
ing frequencies of 192 T1 (Hu) c ~ 0.32 MeV), 194 T1 
{hw c ~ 0.34 MeV) and 196 T1 (fiw c ~ 0.31 MeV). 
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FIG. 8: (Color online) Experimental values of the mo- 
ments of inertia j' 1 ' as a function of the rotational fre- 
quency (ftu>) for the band Bl in 194 T1 are compared with 
the similar bands in 192 ' 196 > 198 T1. 



A low spin signature inversion has been observed 
in the rotational bands in odd-odd nuclei in var- 
ious mass regions, involving high-j configurations. 
In particular, the signature inversion has been re- 
ported for the prolate deformed odd-odd nuclei in 
the rare earth region with a 7r/ig/2€3i / ii3/2 configura- 



tion [36(| . In the A ~ 190 region, the low-spin signa- 
ture inversion for a band associated with an oblate 
® configuration has been reported for 

the first time in 190 Tl [ll|. In the present work, a 
similar signature inversion has also been observed in 
194 T1. The signature inversion in a band can be iden- 
tified experimentally in the plot of energy staggering, 
defined by S(I) = [E(I) - E(I - 1)]/2J, where E(I) 
is the energy of the state with spin /, as a function of 
the spin. The same has been plotted in Fig. 9 for the 
negative parity yrast band of 194 T1 along with those 
for 190 > 198 T1. The staggering plots of these three nu- 
clei show remarkably similar behavior with low-spin 
signature inversion at the same spin value of lift. A 
J-dependent residual p — n interaction was used to 
interpret the signature inversion in 190 T1 [TT| . The 
similarity in the staggering plots suggest that the 
residual p — n interaction remains almost unchanged 
for the heavier odd-odd isotopes of 194 < 198 T1. 

The similarities in the band crossing frequencies, 
the moments of inertia, the signature inversion and 
the staggering plots for the above three nuclei sug- 
gest that the high spin properties of the ground state 
band in all the odd-odd Tl isotopes in A ~ 190 
region are very similar and therefore, they are ex- 
pected to have similar structure. In the present 
work, we have not observed any indication of a chiral 
side band in 194 T1 unlike in 198 T1. 

The band B3 in 194 T1 is a negative parity band 
with band head spin of 16ft at an excitation energy 
of 2.5 MeV. This band has been extended up to 21ft 
with predominnatly Ml transitions. No E2 cross 
over transitions could be observed in this band. The 
band B3 lies at an energy which is somewhat higher 
than the crossing of the 2- and 4-quasiparticle con- 
figurations of the band Bl. Therefore, the band B3 
seems to be a 6-quasiparticle band with two more 
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protons in the 7rhg/ 2 and 7TSi/ 2 orbitals. The config- 
uration of the band B3 could, therefore, be assigned 
as 7^9/2 s 1/2 ® v i 13/2P3/2 ■ The respective proton 
and neutron orbitals constitute the 2-quasiparticle 
states in this nucleus at the lower excitation ener- 
gies (2~ state, 7 + state and the 8~ band head of the 
band Bl). The experimental initial aligned angular 
momentum of 7K, deduced for this band, is consis- 
tent with the above configuration. The particle-hole 
configuration of this band with proton particles in 
high-j, high-i7 and neutron holes in high-j, low-f2 
orbitals (for an oblate deformation) is favorable for 
magnetic rotation (MR) and therefore, the excited 
states, in this band, may be generated by the shear 
mechanism. This band, with 3 particle-hole pairs, 
seems to follow the same general features of MR 
bands QjJ H3- F «r the MR bands, the level en- 
ergies (E) and the spin (I) in the band follow the 
pattern E — Eq ~ A(I — Iq) 2 where, Eo and Lj are 
the energy and the spin of the band head, respec- 
tively. The plot of E - E vs. (7 - I ) 2 for this 
band is shown in Fig. 10. The solid line is the fit of 
the data using the above relation. The good agree- 
ment of the data with the fitted curve, in this plot, 
clearly indicates that the band B3 closely follows the 
above relation. Considering a higher limit of the in- 
tensity of the unobserved crossover E2 transitions 
as the level of the background in our data, the lower 
limit of the B(M1)/ B(E2) ratio has been estimated 
to be >28 fi 2 /(eb) 2 . This compares well with the 
typical value of >20 fi 2 /{eb) 2 for a MR band. The 
dynamic moment of inertia J' 2 - 1 ~ 24 h 2 MeV" 1 ob- 
tained for this band is also within the typical value 
of J( 2 ) - 10 - 25 ft 2 MeV" 1 for an MR band. All 
these indicate that the band B3 is, most likely, an 
MR band. 
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FIG. 10: Relative energy (E) vs. spin (I) curve for the 
band B3 built on the 16" band-head. E and I are the 
band head energy and spin respectively. The fitted curve 
is shown by the solid lines (see text for details). 



The band like structure B2 lies at an excitation 
energy of 3.16 MeV with the band head spin of 18h. 
The parity of this band remains tentative and this 
band is also not well developed. Therefore, char- 
acterization of this band at this moment would be 
rather prematured. However, from the systematics 
of the odd-A Tl nuclei, it appears that this band may 
be generated with an additional proton pair in the 
ii3/2 orbital with the 4-quasiparticle configuration of 
the band Bl above its band crossing. 



A. TRS calculations 

In order to get an idea about the shape of 
the Tl nuclei for different configurations, the total 
Routhian surface (TRS) calculations have been per- 
formed, in the f3 2 — 7 deformation mesh points, where 
02 and 7 are the quadrupole deformation parame- 
ters, with minimization in the hexadcapole defor- 
mation 4 , for the bands Bl and B3 in 194 T1. The 
Hartee-Fock-Bogoliubov code of Nazarewicz et at 
38. 39] was used for the calculations. A deformed 
Woods-Saxon potential and pairing interaction were 
used with the Strutinsky shell corrections method. 
The procedure has been outlined in Refs. (40l. |4lj. 
The contour plots of the TRSs are shown in Fig. 11 
for the 2-quasiparticle Trhg/ 2 <8> ^13/2 configuration 
corresponding to the band Bl (top panel) and for 

1 ®vii^ 2 p^/2 configura- 



the 6-quasiparticle 7r^g/2 s i/2 
tion corresponding to band B3 (bottom panel) in 
194 T1. These surfaces were calculated at the rota- 
tional frequencies of tuu = 0.11 MeV and 0.16 MeV, 
respectively. The plots clearly show minima in the 
TRS at an oblate deformation (7 = 0° is prolate and 

7 = -60° is oblate) with /3 2 ~ 0.15 and 7 57° 

for the band Bl and a near spherical shape with 

02 ~ 0.06 and 7 80° for the band B3. 

The surfaces calculated for the same 2- 
quasiparticle configuration as in band Bl are 
shown in Fig. 12 for 196 T1 and in 198 T1. The 
minima for these nuclei are also found to be at the 
oblate deformation with very similar 02 values. The 
similarity in the calculated shapes for these nuclei 
corroborates well with the observed similarities 



the properties of the Tthg/ 2 (g> vi 



&13/2 



bands 



111 

in odd-odd Tl nuclei. The oblate shapes in all 
these three nuclei are predicted to persist over a 
rotational frequency range up to the band crossing. 
After the band crossing, the shape of 194 T1 remains 
almost the same with deformation 02 ~ 0.13 and 
7 ~ —53°. The lack of quadrupole deformation 
calculated for the band B3 in 194 T1 is consistent 
with the non-observation of E2 transitions and the 
conjecture of MR nature of this band. 

The calculated quasiparticle Routhians for the 
protons (Z = 81) and the neutrons (N = 113) in 
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P 2 cos(y+30) 

FIG. 11: Contour plots of the total Routhian surfaces 
(TRSs) in the - 7 deformation mesh for the configu- 
rations of the bands Bl (top) and B3 (bottom) in 194 T1 
at the rotational frequencies hu = 0.11 MeV and 0.16 
MeV, respectively. The contours are 400 keV apart 



Tl arc shown in left and right panels, respec- 
tively, of Fig. 13 for the deformation parameters 
fa = 0.15,7 = —57° and /?4 = —0.02 corresponding 
to the minimum in the TRS in Fig. 11. These calcu- 
lations predict the first neutron pair alignment (AB 
crossing) at around haj ~ 0.14 MeV and a second one 
(CD crossing) around haj ~ 0.23 MeV. These are in 
good agreement with the values obtained using sim- 
ilar calculations for 193 T1 by Reviol et al. [Hj]. The 
same nomenclature as that of Ref . [33| has been used 
in our calculations to label the quasiparticle levels. 
The observed band crossings at Hoj ~ 0.28 MeV and 
at fku ~ 0.37 MeV in 193 T1 were identified as due to 
the first and second neutron pair alignments by Re- 
viol et al. The calculated crossing frequencies, how- 
ever, are found to underpredict both the experimen- 
tal crossing frequencies by the same amount and this 
discrepancy was attributed to the fact that the core 
deformation is not stiff as assumed in these calcula- 
tions. In addition to the first proton pair alignment, 
as in 193 T1, the first neutron pair alignment is also 
blocked in the odd-odd nucleus 194 T1. Therefore, 
the experimental band crossing in 194 T1, observed 
at a rotational frequency of froj ~ 0.34 MeV, is due 




P 2 cos(y+30) 

FIG. 12: Same as Fig. 11 but for 196 T1 (bottom) and 
198 T1 (top) for the same configuration as band Bl of 

194rpj 



to the second neutron pair alignment. This value of 
the crossing frequency is in fairly good agreement 
with the observed second crossing in 193 Tl but at a 
slightly lower frequency. The experimental crossing 
frequency in 194 T1 is lowered by 0.03 MeV compared 
to the second crossing in 193 Tl. This difference of the 
experimental crossing frequencies, in these two nu- 
clei, is reproduced well in the calculated second neu- 
tron pair alignment frequencies for 194 T1 (Hoj ~ 0.23 
MeV) obtained in our calculation, and that for the 
193 T1 (fiw ~ 0.26 MeV) as obtained by Reviol et al. 



B. Semiclassical calculations for the band B3 

To investigate the shears mechanism of the band 
B3, it has been studied by the semiclassical approach 
of Macchiavelli et al. [ll 51 51- This is based 
on a schematic model of the coupling of two long 
j vectors, (j w and j„), corresponding to the proton 
and the neutron parts of the angular momenta. This 
aims at extracting the information on the effective 
interaction between the nucleons which are involved 
in the shears mechanism. In this model, the shears 
angle ((9), between the two j vectors, is an important 



11 



p 2 = 0.15, y = -57°, |3 




0.00 



0.25 0.50 0.00 0.25 



0.50 



ho (MeV) 



ho (MeV) 



FIG. 13: Calculated quasiparticle Routhians as a func- 
tion of rotational frequency fkd for Z = 81 (left) and N = 
113 (right) for the deformation @2 = 0.15, 7 = —57° and 
Pi — —0.02. The quantum numbers (n,a) of the levels 
are drawn as: solid line (+,+1/2), dotted line (+,-1/2), 
dash-dotted line(-,+l/2) and dashed line (-,-1/2). 
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with the highest spin observed for this band in the 
present work. Therefore, the angular momentum 
along the entire range of the band is, most likely, 
generated through the shears mechanism. The good 
agreement of the initial and the final spin values of 
this band with the calculated ones imply that the 
spins are generated solely by the shears mechanism 
with very little or no contribution from the rotation 
of the core. This fact is, again, corroborated well by 
the small quadrupole deformation obtained for this 
band in the TRS calculations. 

According to the prescription of Macchiavelli et al. 
[42l ]. the excitation energies of the states in shears 
bands correspond to the change in the potential en- 
ergy because of the recoupling of the angular mo- 
menta of the shears. The excitation energies of the 
states in the band, with respect to the band head 
energy, can be written as: 

V{I{6)) =Ei-E b = (3/2)V 2 cos^j (4) 

where, Ej is the energy of the level with angular 
momentum /, 9j is the corresponding shears angle as 
given in Eqn. 3, E(, is the band head energy and V% 
is the strength of the interaction between the blades 
of the shears. Therefore, V2 can be calculated by 
using the experimentally observed energy levels of 
the shears band. In Fig. 14, the V(I(6)) is plotted 
as a function of 8. V2 has been extracted from this 
plot by a fit of Eqn. 4. The fitted curve is shown as 
the solid line in Fig. 14. The extracted value of V2 
comes out to be 1661 keV, which corresponds to an 
effective interaction of 332 keV per particle-hole pair 
for the suggested configuration of the band B3. This 
value of the effective interaction is in good agreement 
with the typical value of ~ 300 keV observed for the 



MR bands in Pb nuclei in this region [44 1 



FIG. 14: The effective interaction between the angular 
momentum vectors, j n and j„, as a function of shears 
angle 9 for the band B3 in 194 T1 as obtained in the semi- 
classical formalism. 



variable which can be derived using the equation 

I 2 - i 2 - 7 2 
a Jit Ju /„\ 

cosB = —— (3) 

" Jit Jv 

where, / is the total angular momentum. Consider- 
ing the and j v values of 8.57i and 13.5ft, respec- 
tively, for the proposed 7rftg/2 s i/2 ® U H3/2P 3 / 2 con " 
figuration of the band B3, the band head spin is cal- 
culated to be 16 h, assuming perpendicular coupling. 
This is in excellent agreement with the observed spin 
of the band head of this band. The maximum spin 
for this configuration has been calculated as 22~ft 
corresponding to 9 — 0°, which is again consistent 



IV. CONCLUSION 

The 7-ray spectroscopy of the high spin states 
in the odd-odd nucleus 194 T1 has been studied 
in the fusion evaporation reaction using 185,187 Re 
target with 13 C beam at 75 MeV. A new and 
improved level scheme of 194 T1 is presented in this 
work which includes 19 new 7-ray transitions. The 
DCO ratio and the polarization asymmetry ratio 
measurements have been performed to assign the 
spins and parities of the levels. The nhg/2 ® M13/2 
band (Bl) in this nucleus has been extended just 
beyond the band crossing and up to the 18 _ h of 
spin. The uncertainties in the excitation energies 
and the spins in this band have been removed. The 
moment of inertia, alignment, the energy staggering 
and signature invesrion of this band have been 
found to be very similar to its neighoring odd-odd 
isotopes. The TRS calculations predict similar 
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structure for these nuclei and support the observed 
similarity. We have not found any indication of 
a chiral doublet band structure in 194 T1, unlike 
that which was reported for 198 Tl. The observed 
band crossing in 194 T1 could also be understood 
from the band crossing in the neighboring odd-A 
nuclei with oblate deformation. Therefore, it needs 
further experimental and theoretical investigation 
to understand the possible change in the structure 
of this 2-quaiparticle band in 198 Tl, if any. Two new 
side bands (B2 and B3) have been observed in this 
work, for the first time, in 194 T1. 6-quasiparticle 
configurations for these bands have been suggested. 
A near spherical shape is predicted by the TRS 
calculations for the band B3 and is consistent 
with the suggested MR nature of this band. This 
band has been discussed in the frame work of the 
semiclassical approach. The observed band head 



spin and the range of the spin values of this band 
are in agreement with such calculations. However, 
to get a microscopic understanding of this band, 
tilted axis cranking calculations are needed. 
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